Telomerase ribonucleoprotein (RNP) employs an RNA subunit to template the addition of telomeric repeats onto chromosome ends. Previous studies have suggested that a region of the RNA downstream of the template may be important for telomerase activity and that the region could fold into a pseudoknot. Whether the pseudoknot motif is formed in the active telomerase RNP and what its functional role is have not yet been conclusively established. Using single-molecule FRET, we show that the isolated pseudoknot sequence stably folds into a pseudoknot. However, in the context of the full-length telomerase RNA, interference by other parts of the RNA prevents the formation of the pseudoknot. The protein subunits of the telomerase holoenzyme counteract RNA-induced misfolding and allow a significant fraction of the RNPs to form the pseudoknot structure. Only those RNP complexes containing a properly folded pseudoknot are catalytically active. These results not only demonstrate the functional importance of the pseudoknot but also reveal the critical role played by telomerase proteins in pseudoknot folding.
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T elomeres shorten with each round of DNA replication. Once telomeres reach a critical length, they become vulnerable to DNA damage response, which triggers cellular senescence and chromosome fusion (1) . Telomerase protects telomeres from this replication-induced DNA erosion by addition of short G-rich repeats to the DNA ends (2) . The telomerase enzyme is an attractive drug target in both cancer and regenerative medicine, because most highly proliferative cells, including stem and cancer cells, rely on its activity to maintain genomic integrity (3) . Furthermore, multiple human diseases are known to be caused by mutations in telomerase subunits (4) (5) (6) , underscoring the importance of understanding the enzyme's structure and function.
The ciliate Tetrahymena thermophila has long been used as a model system to study telomerase activity. Tetrahymena telomerase is comprised of a 159-nucleotide RNA subunit, a 133-kDa telomerase reverse transcriptase (TERT), and multiple protein cofactors (7) . The RNA has a conserved secondary structure (Fig. 1A ) that contains a template region, which serves as template for the telomeric repeat synthesis, flanked upstream by the template boundary element (TBE) and downstream by a putative pseudoknot, as well as a highly structured region made of stems I and IV (8) (9) (10) . TERT, the catalytic subunit, binds telomerase RNA in the TBE region, the template recognition element, and the loop of stem IV (10) (11) (12) (13) (Fig. 1A) . Of the multiple Tetrahymena telomerase cofactors identified to date, only p65 binds the RNA directly in the stem I-proximal stem IV region (Fig. 1A) and promotes the hierarchical telomerase RNP assembly (14) (15) (16) .
Past studies have suggested that the putative pseudoknot region downstream of the template is a conserved and functionally important segment of telomerase RNA. Phylogenetic analyses of ciliate (9, 17) , yeast (18) (19) (20) , and vertebrate (21) RNAs suggest that this region may fold into a pseudoknot structure. NMR and single-molecule force studies of the isolated pseudoknot sequence from human show that this sequence can indeed form a pseudoknot structure (22, 23) . Mutation analyses indicate that disruption of potential base pairs in the motif correlates with telomerase assembly and activity defects in multiple organisms (18, 24, 25) , but in vitro telomerase activity assays give varying results on the functional importance of the motif (12, 13, (26) (27) (28) . Footprinting studies and FRET measurements suggest conformational change in this region of the telomerase RNA upon RNP assembly (12, (29) (30) (31) . However, direct structural proof for the pseudoknot fold in the full-length telomerase RNA and RNP has not yet been demonstrated. Moreover, the conformation adopted by the sequence within the active telomerase enzyme and its behavior during catalysis remain incompletely understood, though it has been hypothesized to act as a "molecular switch" in promoting enzyme translocation during processive repeat addition (17, 29, 32, 33) .
In this work, we used single-molecule FRET (34) (35) (36) to interrogate the conformation adopted by the Tetrahymena pseudoknot sequence and monitored its behavior during catalysis. To determine whether the sequence can fold into a pseudoknot, we excised the region from the rest of the telomerase RNA and characterized its conformation in isolation, demonstrating that the sequence can indeed fold into a stable pseudoknot. Within the full-length telomerase RNA, however, the pseudoknot is not folded. We further show that assembly with holoenzyme proteins p65 and TERT promotes folding of the pseudoknot, that only those telomerase complexes with a properly folded pseudoknot are active, and that this motif is stable during both single-nucleotide extension and processive repeat addition.
Results
Telomerase RNA Sequence Forms a Stable Pseudoknot in Isolation. A pseudoknot is a structural motif composed of two end-to-end stacked helices, stems A and B (Fig. 1A) . To show that this motif is folded, it is necessary to demonstrate that both stems are formed simultaneously. To this end, we compared conformations of wild-type stems A and B with those of mutants and compensatory mutants, in which base pairing of the stems was disrupted and rescued, respectively. Specifically, we designed RNA constructs comprised of two parts: a 3′ core and a 5′ extension. The 3′ core was based on the A65-A101 sequence of Tetrahymena telomerase RNA (Fig. 1A ) that spanned the putative pseudoknot region and, in the case of the mutants, contained the appropriate base substitutions (Fig. 1B) . The 5′ extension was a 21-nucleotide sequence that base-paired with a biotinylated DNA tether, which was used to anchor the RNA on a microscope slide for single-molecule detection (Fig. 2A) . We labeled the construct with two separate FRET schemes as shown in Fig. 1B: (i) to test whether stem A is formed, we placed the FRET donor (Cy3) and acceptor (Cy5) on the A sites (U63, U92), and (ii) to test whether stem B is formed, we placed the dyes on the B sites (U73, U99). Stem formation should bring the two dyes closer and result in a higher FRET signal as compared to that of an unstructured sequence.
As shown in Fig. 2B , wild-type stem A adopted a single, stable conformation exhibiting FRET centered at 0.77 when the FRET donor and acceptor were placed on the A sites. To determine whether this FRET value corresponds to folded or unfolded stem A, we compared it to one obtained from a mutant pseudoknot sequence containing a single-nucleotide substitution (G84C, Fig. 1B) . The mutant sequence, predicted to disrupt stem A folding, yielded a lower FRET of 0.63 (Fig. 2B) . Furthermore, a compensatory mutation (G84C and C72G, Fig. 1B ), designed to restore stem A base-pairing potential, recovered the wild-type FRET of 0.77 (Fig. 2B) . Together, these results indicate that the isolated wild-type pseudoknot sequence forms a stably folded stem A.
We used the same strategy to determine if stem B was formed by placing the dyes on the B sites. Wild-type stem B exhibited a stable FRET of 0.91 (Fig. 2C) . A mutant sequence predicted to disrupt stem B folding (C78G and A94U, Fig. 1B ) yielded a lower FRET value of 0.72 (Fig. 2C) , whereas compensatory mutants (C78G, A94U, U81A, and G97C, Fig. 1B ) largely recovered the wild-type FRET value of 0.91 (Fig. 2C) . The compensatory mutant additionally exhibited a minor peak at FRET ¼ 0.72, which originated from molecules transiently converting to the unfolded conformation. This incomplete rescue of the pseudoknot fold is possibly due to the disruption of a base triplex (37, 38) or the weakening of base stacking caused by the U81A and A94U substitutions in the compensatory mutant.
Next, we verified that the stable base pairing observed in wildtype stem A was not disrupted by substitutions in stem B, and vice versa. The mutant and compensatory mutant of stem B that were labeled at the A sites showed that stem A was formed stably regardless of the mutations; similarly, all stem A mutants that were labeled at the B sites showed that stem B was stably folded (Fig. S1 ).
Taken together, these results indicate that the Tetrahymena pseudoknot sequence, when in isolation, folds into a stable pseu- doknot. The conformation of each stem can be determined from its characteristic FRET signature: The folded and unfolded stem A give rise to FRET ¼ 0.77 and 0.63, respectively, whereas the folded and unfolded stem B result in FRET ¼ 0.91 and 0.72, respectively. Below, we use these characteristic FRET values to determine the pseudoknot conformation within (i) the full-length, protein-free telomerase RNA, (ii) the reconstituted telomerase RNPs, and (iii) the catalytically active telomerase complexes.
Pseudoknot Is Not Formed in Full-Length, Protein-Free Telomerase RNA. We engineered full-length RNA constructs labeled at sites flanking stem A (U63-Cy3, U92-Cy5) and stem B (U73-Cy5, U99-Cy3) similar to the ones used for the isolated pseudoknot sequence. A biotinylated extension of stem II anchored the molecules on microscope slides (Fig. 3A) and allowed us to image single molecules. Although this anchoring scheme disrupted the loop at the distal end of stem II, previous studies have shown that extension, mutation, and disruption of the distal stem loop II do not inhibit enzyme assembly and function (16, 26, 27) . Protein-free, stem-A-labeled and stem-B-labeled telomerase RNA gave rise to unexpected FRET values of 0.55 and 0.29, respectively (Fig. 3B) . These values were substantially lower than those observed for the folded stem A and B conformations of the isolated pseudoknot sequence, implying that this region did not fold into a pseudoknot in full-length, protein-free RNA. These FRET values were also lower than the ones observed for the unfolded stem A and B conformations of the isolated pseudoknot sequence, suggesting that these stems were not simply open but were involved in competing interactions with other RNA regions.
Pseudoknot Is Stably Formed in Telomerase RNPs and Is Required for
Activity. Considering that protein subunits in an RNP can influence the folding of its associated RNA, we further determined whether pseudoknot folding relies on assembly with telomerase proteins. We first attempted to image the conformation of the pseudoknot region within slide-anchored telomerase RNPs. Fulllength, stem-A-labeled and stem-B-labeled telomerase RNAs were assembled in a rabbit reticulocyte lysate system with p65 and FLAG-tagged TERT. To control for potential assembly and activity defects due to dye labeling, we compared activity profiles of RNPs reconstituted with labeled and unlabeled telomerase RNAs. The dye labeling did not perturb telomerase assembly or function substantially (Fig. S2) . To anchor the RNPs on microscope slides, we coated the slide surface with biotinylated PEG, streptavidin, and biotinylated protein G in a sequential manner. Anti-FLAG M2 antibodies were then bound to these slides through antibody-protein G interactions. Finally, the FLAGtagged telomerase RNPs were attached to the slides through the anti-FLAG antibodies (Fig. S3A) . As shown in Fig. S3B , both stem-A-labeled and stem-B-labeled constructs exhibited broad FRET distributions, likely due to heterogeneous populations present in the reconstituted RNPs.
To identify the species representing the functional fold, we used a recently developed single-molecule structure-function assay, which enabled us to observe the behavior of the pseudoknot as telomerase catalyzed primer extension (39) . The assay consisted of two phases: a telomerase binding phase, followed by a catalytic outcome detection phase. During the binding phase, stem-A-or stem-B-labeled telomerase RNPs were flowed over a slide carpeted with anchored primers (Fig. S4A) . Primer binding brought individual RNP complexes within the detection range of our total internal reflection fluorescence (TIRF) imaging setup, allowing us to observe the structure and dynamics of the enzyme in real time by FRET. Of those enzymes that were assembled properly enough to bind the substrate, some catalyzed primer extension. We identified such productive binding events in the subsequent activity detection phase by observing the oligonucleotide length difference between catalytically extended and unreacted primers. This task was accomplished by exploiting distinct hybridization stabilities between a heptameric detection oligonucleotide (DO) and primers of different lengths. Specifically, after the telomerase reaction, the enzyme was removed and the primers anchored on the slides were labeled with the FRET donor Cy3 by a labeling oligonucleotide (LO) (Fig. S4A) . Then, FRET acceptor Cy5-labeled DO was flowed over the slide (Fig. S4A) . Unextended primers could form only five base pairs with the DO, resulting in extremely transient interactions rarely detected at our data acquisition rate of 30 Hz (Fig. S4B, Top) . Primers extended by a single nucleotide (i.e., the last G of the first telomeric repeat by design, Fig. S4A ) formed transient interactions with the DO, which gave rise to spikes in the FRET time trajectories (Fig. S4A, Middle) . Lastly, primers with two or more nucleotides added bound the DO for an extended period of time (Fig. S4B, Bottom) . These primers represent the products of processive repeat addition, as the second nucleotide corresponds to the beginning of a new repeat and its addition requires translocation of the enzyme back to the origin of the template. The presence of chain-terminating dideoxyribonucleotide TTP (ddTTP) in the reaction ensured that primer extension did not extend beyond the second telomeric repeat such that the DO can only bind the primer in one configuration. Quantitative criteria for distinguishing these three types of products are described in the caption of Fig. S4 . By correlating the activity detection outcome with the FRET observed during the enzyme binding phase, we were able to (i) identify active telomerase complexes, (ii) derive the functional conformation of the pseudoknot, and (iii) observe its behavior during catalysis.
The assay showed that wild-type stem-A-labeled telomerase RNPs bound primers with a stably folded stem A, characterized by a FRET histogram centered around FRET ¼ 0.77 (Fig. 4A) . The fraction of complexes that catalyzed primer extension also displayed stable FRET of 0.77 (Fig. 4A) , demonstrating that stem A is formed in the active telomerase enzyme. Data from the disruptive and compensatory mutants (Fig. 4A ) allowed us to further determine whether telomerase requires stem A formation in order to bind its substrate and to catalyze primer extension. Because the disruptive mutant bound primers in both folded and unfolded conformations (represented by the peak at FRET ¼ 0.77 and the broad shoulder at lower FRET, respectively), and at a similar frequency as the wild-type after normalization over enzyme concentration, we concluded that binding of telomerase to its substrate does not require a folded stem A. However, among the binding events, only those with FRET ¼ 0.77 resulted in primer extension, indicating that a properly formed stem A is required for activity. The compensatory mutant displayed a similar behavior to that of the wild-type.
Wild-type stem-B-labeled telomerase RNPs bound primers with stem B folded, as indicated by the hallmark FRET peak of 0.91 (Fig. 4B) . The fraction of complexes that resulted in active primer extension also had stem B formed (Fig. 4B) . Nonetheless, disruptive mutants bound to the primers at a similar frequency as the wild type and the binding events exhibited a broad FRET peak with values substantially lower than 0.91 (Fig. 4 B and C) indicating that telomerase also does not require a folded stem B in order to bind a primer. As expected, the binding events of the compensatory mutant showed a higher occupancy of the 0.91 FRET state. Despite the ability of telomerase to bind to primer with unfolded stem B, only those RNPs that managed to form the stem at least transiently catalyzed primer extension. This notion is supported by two observations: (i) Compared to the FRET distributions constructed from all binding events, the distributions from events that resulted in primer extension were highly enriched in the FRET ¼ 0.91 state. (ii) Although the FRET distribution derived from the active binding events of the disruptive mutant showed two major peaks at FRET ¼ 0.72 and 0.91, it arises from equilibrium conversion between these two states, as observed in the FRET traces of individual molecules. Importantly, every active binding event had reached the FRET ¼ 0.91 state at least transiently (exemplified by Fig. 4D) , and conversely, those binding events that remained at the lower FRET state for the entire binding duration did not result in primer extension (Fig. 4C ). Our observations thus show that telomerase activity rests on a properly folded stem B as well. Taken together, the above results demonstrate that the pseudoknot, including both stems A and B, is essential for telomerase activity.
Pseudoknot Is Stable During Telomerase Catalysis. The repeated formation and disruption of either stem A or B (or both) in the pseudoknot has been proposed as a molecular switch mechanism to relieve the strain imparted on telomerase RNA by repeat synthesis, allowing the enzyme to catalyze multiple repeat additions more efficiently (17, 29, 32, 33) . We examined this hypothesis first by separating the active binding events into two groups: one that resulted in primer extension by a single nucleotide (the last nucleotide of the repeat by design) and one that resulted in the addition of more than one nucleotide due to enzyme translocation, the latter representing processive repeat addition. We reason that, if the pseudoknot changed conformation as telomerase translocated on a primer during processive repeat addition, this change could be detectable when comparing the FRET histograms constructed from the above two categories of active binding events. However, no significant difference was observed between these two groups for either stem-A-or stem-B-labeled RNPs (Fig. 5 A and B) . Furthermore, we analyzed individual single-molecule traces of the processive primer extension events. If the pseudoknot were undergoing conformational rearrangements related to translocation, we would expect to observe corresponding FRET changes during these enzyme binding events. However, neither stem-A-nor stem-B-labeled wild-type RNP showed any discernible FRET changes during the binding events that resulted in processive repeat addition (Fig. 5 C and D) . Therefore, conformational change of the pseudoknot is unlikely to be required for the translocation step of the telomerase catalytic cycle.
Discussion
In this work, we applied single-molecule FRET-based assays to the structural and functional characterization of the pseudoknot region of the telomerase RNA from Tetrahymena thermophila. The wealth of biochemical and genetic data and a robust reconstitution strategy make Tetrahymena an ideal model system for in vitro studies of the telomerase structure-function relationship. Previous studies have shown that the pseudoknot region assumes different conformations in the protein-free and proteinbound states and suggested that the observed change may arise from folding of the pseudoknot (12, (29) (30) (31) . Our single-molecule FRET data clearly demonstrate that the pseudoknot is not properly formed within the full-length, protein-free telomerase RNA, but is properly and stably folded upon assembly with Tetrahymena holoenzyme proteins TERT and p65. Given that the isolated pseudoknot sequence is folded when excised from the rest of the RNA, misfolding of the pseudoknot in the full-length RNA is likely due to competing interactions with other regions of the RNA, and the holoenzyme proteins promote pseudoknot formation by disrupting these nonproductive folding traps.
Using a single-molecule structure-function assay, we demonstrate that proper formation of the pseudoknot is not required for primer binding by telomerase, but is essential for the primer extension activity. The finding that pseudoknot formation is unnecessary for primer binding is not entirely surprising given that TERT has an RNA-independent DNA-binding activity (40) . On the other hand, previous studies showed varying levels of activity defect in pseudoknot substitution and deletion mutants, complicating unambiguous determination of the functional importance of the pseudoknot structure (12, 13, (26) (27) (28) . This discrepancy likely arises from incomplete disruption of the pseudoknot by the substitution mutants. Indeed, as demonstrated by our single-molecule data (Fig. 4D) , pseudoknot can transiently form in mutant enzymes with nucleotide substitutions that disrupt pseudoknot formation. Although these mutations gave rise to reduced, but nonzero, levels of activity and processivity, examination of single-molecule FRET traces revealed that primer extension only occurred in the subset of binding events with pseudoknot properly folded (at least transiently). In an ensemble activity assay, such transient formation of the active conformation could mask the activity defect of pseudoknot disruption, especially when the pseudoknot folding and the catalytic steps are not rate limiting such that each binding event is sufficiently long to allow primer extension. Intriguingly, mutants in which the pseudoknot region is deleted completely often retained greater activity than nucleotide substitution mutants (12, 13) , suggesting that the presence of an unfolded or misfolded pseudoknot has a greater deleterious effect on enzyme function than the complete absence of the pseudoknot. Based on the above evidence, we conclude that, when present in the telomerase enzyme, the pseudoknot sequence must fold into a pseudoknot structure to support catalytic activity.
It has been hypothesized that pseudoknot functions as a molecular switch, converting between different conformations during telomeric repeat synthesis (17, 29, 32, 33) . Previous NMR studies suggested that an isolated pseudoknot sequence from the human telomerase RNA slowly interconverts between a hairpin state and the pseudoknot conformation on the timescale that is longer than seconds (22, 33) , whereas mutational analysis of human telomerase supports a static pseudoknot structure (25) . In the single-molecule time traces shown here, neither stem A nor stem B were observed to undergo conformational rearrangements in the wild-type pseudoknot during primer extension or enzyme translocation. These data suggest that the Tetrahymena pseudoknot remains stably folded and that it unlikely functions as a molecular switch during repeat addition, although we cannot formally rule out the possibility that transient conformational changes occur on a timescale faster than the time resolution (200 ms) used here.
The methods used here to investigate the conformation and functional role of Tetrahymena pseudoknot within catalytically active telomerase RNPs should be applicable to the structurefunction study of other regions of the RNP complex, as well as telomerase RNPs from other species, helping to build a broad, cross-species understanding of the telomerase structure. Such direct investigations into the structural foundation of telomerase activity may also lead to the development of diagnostic tools for the detection of diseases involving telomerase malfunction.
Materials and Methods
Sample Preparation. All RNAs used in this study were labeled and purified as described (16) . Briefly, site-specifically modified RNA oligos containing 5NU (Dharmacon, refer to Table S1 for oligo sequence) were labeled with Cy3 or Cy5 monoreactive dyes (GE Health Science). After PAGE and HPLC purification, the labeled RNA oligos were ligated to form the full-length RNA through splinted ligation. Telomerase RNPs were reconstituted with labeled full-length RNA, immunopurified, and assayed for activity in the bulk as described before (39, 41) . Purified FRET-labeled telomerase RNPs were used in subsequent FRET studies. More detailed description of sample preparation can be found in SI Materials and Methods.
Single-Molecule FRET Imaging and Data Analysis. The FRET-labeled pseudoknot in isolation, the full-length RNA, and reconstituted RNPs were anchored onto quartz slides as described (SI Materials and Methods) and imaged at room temperature on a prism-type TIRF microscope using an alternating excitation scheme that switches between 532 and 635-nm laser illuminations (42) . This scheme allowed us to monitor both FRET between Cy3 and Cy5 when excited by the 532-nm laser and emission of Cy5 when directly excited by the 635-nm laser. Only time trajectories collected from molecules that experienced singlestep Cy3 and Cy5 bleaching events were used in subsequent analyses. FRET is defined as the ratio of Cy5 emission to the sum of Cy3 and Cy5 emissions. FRET histograms were constructed from FRET time trajectories of individual RNA or RNP complexes normalized over the trajectory lengths such that each complex or binding event contribute equally to the overall histogram.
Single-Molecule Structure-Function Assay for Telomerase. Alexa Fluor-488-labeled and 5′ biotinylated ðTGÞ 8 T 2 G 4 T 2 primers were anchored to the streptavidin-coated quartz slides as described in SI Materials and Methods. Fluorescence emission was recorded at 5 Hz during the first 60 frames under 460-nm excitation, which allowed detection of the Alexa Fluor-488-labeled primers. Subsequently, the Cy3-Cy5-labeled telomerase RNPs were diluted in imaging buffer containing 10 μM dGTP and 100 μM chain-terminating ddTTP and flowed onto the slide to initiate the enzyme binding phase of the experiment. Data were collected with alternating four frames of 532-nm excitation and one frame of 635-nm excitation at 0.2 s per frame for 20 min. At the end of the binding phase, the enzyme solution was exchanged with the labeling solution [imaging buffer containing 20 nM Cy3-conjugated LO: Cy3-ðCAÞ 8 ] that simultaneously washed out the enzymes and labeled the primers with a Cy3 donor dye. Subsequently, a detection solution (imaging buffer containing 300 nM Cy5-conjugated DO: Cy5-C 2 A 2 C 3 ) was immediately flowed onto the slide to wash out the excess LO and to initiate the activity detection phase of the experiment. Data were acquired at 30 Hz during the detection phase with continuous 532-nm excitation. Enzyme binding events were identified and classified according to their catalytic outcomes, which were determined by comparison to hybridization kinetics of synthetic primers corresponding to the no-extension, single-nucleotide, and processive repeat addition products (39) (Fig. S4) . Histograms of FRET from individual telomerase binding events were constructed, excluding data derived from bleached or blinked Cy5 (as verified by direct excitation with 635-nm laser).
